Alternative splicing plays an important role in generating proteome diversity. The polypyrimidine tract-binding protein (PTB) is a key alternative splicing factor involved in exon repression. It has been proposed that PTB acts by looping out exons flanked by pyrimidine tracts. We present fluorescence, NMR, and in vivo splicing data in support of a role of PTB in inducing RNA loops. We show that the RNA recognition motifs (RRMs) 3 and 4 of PTB can bind two distant pyrimidine tracts and bring their 5′ and 3′ ends in close proximity, thus looping the RNA. Efficient looping requires an intervening sequence of 15 nucleotides or longer between the pyrimidine tracts. RRM3 and RRM4 bind the 5′ and the 3′ pyrimidine tracts, respectively, in a specific directionality and work synergistically for efficient splicing repression in vivo.
A lternative splicing is a highly regulated biological process that plays a crucial role in generating high proteomic diversity. It has been estimated that >90% of human genes are alternatively spliced (1) . Alternative splicing occurs frequently in cells, and most RNA-binding proteins that influence alternative splicing were found to be nonspliceosomal (2) . The polypyrimidine tract (PPT)-binding protein (PTB) is one of the major trans-acting factors involved in splicing regulation. PTB is most often associated with its role as a splicing repressor (3) (4) (5) , but it is also involved in other aspects of mRNA processing including 3′ end processing (6, 7) , mRNA localization and stability (8) , and internal ribosome entry site (IRES)-mediated translation (9) .
PTB is a 58-kDa member of the hnRNP family consisting of four RNA recognition motifs (RRMs) joined by three linkers (10, 11) . PTB recognizes PPTs in the RNA target containing CU-rich elements (12, 13) . The mechanism by which PTB promotes exon exclusion is poorly understood. Our NMR structure of RNAbound PTB has suggested a potential mechanism of PTB action in splicing whereby RRM3 and RRM4 bind the PPTs flanking an alternative exon and loop out the intervening RNA, thus repressing the exon (Fig. 1A) (14) . The two RRM-bound PPTs appear in opposite direction as if forming a loop to exclude the intervening exon or the branched adenosine from the spliceosomal machinery. Other mechanistic models for PTB repression have proposed a direct (5) and an indirect (5, 15) competition between PTB and other splicing factors like U2AF65, corepression with Raver-1 (16) and PTB preventing exon (15) or intron definition (17) . However, all proposed mechanisms are consistent with RNA looping between RRM3 and RRM4.
Here, we have sought to test and characterize this suggested looping mechanism using FRET, NMR spectroscopy, and in vivo splicing assays.
Results

PTB34 Binds PPTs and Brings Their 5′ and 3′ Ends into Close Proximity.
First, we tested the binding of RRM3 and RRM4 of PTB (PTB34, Fig. 1A ) to several model RNAs using a FRET-based gel shift assay (18) . We prepared a series of single-stranded PPTs separated by a variable size loop [5 0 -CUCUCUðAÞ N CUCUCU-3 0 , N ¼ 5-30, named PPT-N], and labeled their 5′ and 3′ ends with fluorescein and tetramethylrhodamine, respectively. FRET measures the distance between the fluorophores (18, 19) , and it enables monitoring RNA conformational changes during the binding reaction: If PTB34 loops the RNA, it should bring the RNA 5′ and 3′ ends into close proximity resulting in a FRET increase. With this assay, we could detect both the gel shift of our labeled RNAs upon PTB34 binding and the RNA conformation by measuring the fluorescence intensity of the FRET pair. Distant fluorophores yield green bands, whereas close ones appear red (18) . Fig. 1B shows the results for PPT-5, -10, -15, -20, and -30 in the absence and presence of PTB34. The free RNAs migrate as single bands, demonstrating the labeled RNA purity. As the RNA size increases, the corresponding bands migrate more slowly and change color from red (PPT-5) to yellow (PPT-30), as expected. Bound to PTB34, the bands become red and migrate slower indicating the formation of the protein-RNA complex. For PPT-5 and -10, a second supershifted band is also visible (80 and 30% intensity, respectively), but for PPT-15, -20, and -30, it does not exceed 10% intensity. Based on the gel mobilities, we assigned the first band to a monomeric complex and the second band to a dimeric complex with two RNAs and two PTB34s (Fig. 1B) .
We confirmed binding in solution with steady-state FRET (ssFRET). Fig. 2A shows the fluorescence spectrum of PPT-15 in the absence (in blue) and presence (in red) of PTB34. In the free RNA, the donor intensity (520 nm) is larger than the acceptor (580 nm), indicating that the fluorophores, and therefore the 5′ and 3′ ends, are distant. Bound to PTB34, the donor intensity decreases while the acceptor increases, indicating that the 5′ and 3′ ends are brought into close proximity in the complex. The calculated FRETratio for PPT-15 increases from 0.38 to 0.66 (Fig. 2B ), in agreement with the gel shift assay. Similar results were obtained for all PPTs except PPT-5, which did not show a significant FRET increase. The initial FRET ratio in absence of PTB34 decreases with increasing RNA length from 0.61 to 0.27. Bound to PTB34, all FRET ratios increase to approximately 0.65. Small differences in the final FRET ratios are likely caused by differences in the binding affinities of each RNA.
We tested for the specificity of the PPT-PTB34 interaction using a fluorophore-labeled RNA lacking a PPT, which did not show any FRET increase upon addition of PTB34. We also tested whether nonspecific RNA binding proteins could loop the PPTs using the small protein B (SmpB), a basic protein that binds tmRNA in bacteria (20) . Although SmpB can bind PPT-15 nonspecifically, we did not observe any appreciable FRET change upon addition of 1 μM SmpB, confirming that the observed FRET increase is specific to PTB34 binding.
PTB34 Looping Efficiency Depends on RNA Loop Size. We have used the observed FRET increases to quantify the binding affinity of PTB34 to PPTs (Fig. 2B) . A fit of the PPT-15 titration to a modified Hill equation yields a dissociation constant K D ¼ 11 AE 5 nM and a cooperativity coefficient n ¼ 0.7 AE 0.2 (Fig. 2C) . The K D is expected to decrease in vivo because of the presence of two additional RRMs (1 and 2) in the full-length PTB. The cooperativity coefficient near unity confirms that PTB34 binds stoichiometrically.
Similarly, we determined the K D for all six PPTs ( Fig. 2D and Fig. S1 ). The resulting K D values decrease with increasing loop size and plateau for PPT-15 and higher, indicating that PTB34 requires larger than or equal to 15-nt-long intervening sequences to loop the RNA effectively (14) . The K D s obtained for PPT-5 and -10 are global average constants for the monomer and dimer. The cooperativity coefficients of all PPTs ≥15 are near unity, confirming the stoichiometric nature of these complexes.
All RNA-Protein Complexes Have Similar Conformations. To characterize the global structure of all the PTB-RNA complexes, we used time-resolved FRET (trFRET) to accurately measure the distances between the two fluorophores (21, 22) . trFRETconsists of measuring the fluorescence lifetime of the donor fluorophore in the presence and absence of the acceptor. Fig. 3A shows the donor fluorescence decays for PPT-20. In the absence of PTB34 (compare black and blue curves), the donor lifetime decreases more rapidly in the presence of the acceptor, which is indicative of FRET. This difference is used to fit a distribution of distances between the dye pair (23) . The resulting distribution reveals a bimodal distribution (Fig. 3A Inset, blue) . We assign the major distribution (85%, 71 Å) to unfolded molecules where the 5′ and 3′ ends are distant. The minor distribution (15%, 31 Å) is attributed to a minor population of molecules transiently folding into hairpins or duplexes where the pyrimidines and adenosines from the linker form base pairs resulting in closer 5′ and 3′ ends of the RNA. In the presence of PTB34, the donor lifetime decreases dramatically, indicating a large increase in FRET (Fig. 3A , compare red and blue curves). The calculated distribution collapses to a single distribution centered at 35 Å (Fig. 3A . inset, red), confirming the shorter distance between the 5′ and 3′ ends in the protein-RNA complexes observed in previous experiments.
We measured the donor-acceptor distance for all PPTs in the presence and absence of PTB34 and found similar results. Fig. 3B shows the mean distance of the major distribution in the absence of PTB34 as a function of loop size (blue). The distance between the two dyes increases linearly between 51 and 85 Å for PPT-5 and -30, respectively, with a slope of 1.4 AE 0.1 Å∕nt. Upon PTB34 binding, all PPTs have a mean distance ranging 32 to 38 Å. For PPT-5 and -10, the observed mean distance corresponds to a weighted average between the monomer and the dimer (Fig. 1B ).
RRM3 and RRM4 Bind the 5′ and 3′ PPTs, Respectively. We next used NMR spectroscopy to investigate the complex between PTB34 and two pyrimidine tracts separated by 15 adenosines. Although the FRET data showed unambiguously that PTB34 forms RNA loops, the FRET data did not provide information on the directionality of binding: Two binding modes are possible with either RRM3 and RRM4 binding the 5′-and 3′-tracts, respectively, or the opposite (Fig. 1A) .
Complex formation with CUCUCUðAÞ 15 CUCUCU, GGUCUCUðAÞ 15 CUCU and GGCUCUðAÞ 15 UCUCU resulted in almost identical spectra, indicating that all three RNAs bind PTB34 in the same orientation even if the pyrimidine tract is shorter at the 5′ end or the 3′ end (5′-GG was used for in vitro transcription). By comparing the spectra of PTB34 in complex with GGUCUCUðAÞ 15 CUCU (1∶1 stochiometry) and in complex with CUCUCU (1∶2 stochiometry), we could observe clear differences indicating contacts between the 15 adenine linker and the protein. Major chemical shift changes and line broadening are observed within the interdomain linker (Q421, Q424, and N432, Fig. 4 ) and in the loop between α-helix 2 and β-strand 4 in RRM4 (H514 and D515, Fig. 4 ). This indicates that the adenine linker interacts with this region of PTB34. Hence, the RNA takes the shortest path of the two possibilities (Fig 1A) , where RRM3 and RRM4 are binding the 5′ and 3′ tracts, respectively (Fig. 4B) . The distance measured in the structure between the 5′ nucleotide (nt) bound to RRM3 and the 3′ nt bound to RRM4 is 41 Å, which is in good agreement with the estimated FRET distance of 32 to 38 Å between the two dyes. The spectra of PTB34 bound with PPT-10 to -30 are very similar, indicating that the RNA is bound with this same orientation independently of the linker length up to 30 nt.
A Mutant Reveals a Synergistic Role Between RRM3 and RRM4 for Efficient RNA Looping. The NMR structure of PTB34 free (11) and bound (14) has revealed interactions between RRM3 and RRM4 involving 27 amino acids. We sought to test the function of these interactions in the looping of RNA by PTB34. To this aim, we used the FRET-based gel shift assay with a 6-fold mutant of PTB34 that was shown to prevent the interaction between RRM3 and RRM4 (I356K, F446E, I449K, E502K, V505E, and I509K) (11) . It is noteworthy that none of these mutations affect the protein surfaces interacting with RNA. Fig. 5A shows that PTB34 mutant does not form the RNA-protein complex with PPT-15 as readily as the wild-type (WT) PTB34 (Fig. 1) . This result suggests an active role for the interdomain interactions between RRMs 3 and 4 in PTB for looping and implicates a synergistic effect between the two domains for efficient looping in vivo. The resulting dissociation constant (K D ¼ 105 AE 4 nM) is approximately 10-fold higher than the WT, and the large cooperativity coefficient (n ¼ 7 AE 1) indicates the presence of higher-order oligomers, which result in the observed high FRET value, similarly to PPT-5 and -10 (Fig. 2) . The formation of stoichiometric complex is expected to occur at much lower concentrations than the dimer, but almost no FRET increase is observed below 100 nM (compare Figs. 2 and 5) , indicating that the FRETratio of the stoichiometric mutant complex is similar to that of the free RNA, also supporting the idea that the mutant does not loop the RNA. The observed K D is, therefore, an average value of multiple species in solution, and likely to be an upper estimate for the stoichiometric complex. When the linker length increases (PPT-30), the affinity for the mutant protein increases (K D ¼ 38 AE 6 nM, Fig. S2 ) due to an increase of negative charges, whereas it remains almost the same for the WT PTB (K D ¼ 10 AE 3 nM, Fig. S1 ). The cooperativity coefficient decreases, too (n ¼ 1.6 AE 0.4), indicating the presence of fewer higher-order complexes. However, a FRET gel shift assay reveals no specific looped complex as the WT (Fig. S2) . These results indicate that the interdomain interactions between RRM3 and RRM4 provide RNA looping and only slightly higher affinity. Single-molecule FRET is a powerful tool to study the conformational dynamics of protein-RNA complexes (24) . We used this technique to study the differences in binding of PTB34 and the 6-fold mutant with PPT-15. A biotinylated RNA and fluorophorelabeled PPT-15 was surface-immobilized on a PEG-passivated quartz slide via a biotin-streptavidin bridge. FRET histograms are built from the observed FRET ratio of hundreds of individual molecules. In the absence of PTB34 (Fig. 5C, Top panel) , the majority of molecules exhibit low FRET (0.2-0.4) and only few molecules transiently reach the high FRET range. Such a broad FRET distribution is expected for a single-stranded RNA without a well-defined secondary structure, consistent with our trFRET data (Fig. 3A) . Addition of 10 nM PTB34 results in the appearance of a major peak at 0.55 FRET (Fig. 5C , Center panel). We assign this major peak to the PTB34-RNA complex, consistent with the bulk FRET experiments. In the presence of 10 nM 6-fold PTB34 mutant, the observed FRET distribution resembles the RNA-only distribution (Fig. 5C, Bottom panel) . A minor broad distribution ranging from 0.4-0.8 FRET and centered at higher FRET than the WT is also present. We assign this distribution to the formation of the mutant PTB34-RNA complex. This result is consistent with both the weaker binding of the mutant PTB34 and the lack of interactions between RRM3 and RRM4. The observed FRET differences between the WT and the mutant distributions suggest that in the absence of interactions at the interface between RRM3 and RRM4, the mutant binds in a different conformation.
RNA Looping by PTB34 is Essential for Efficient Splicing Regulation In
Vivo. To test how functionally important is the interface between RRM3 and RRM4, we used a splicing reporter assay (25) in HeLa cells with a reporter gene containing two separate PPTs separated by a long linker (DS9-175) (26) . In a control experiment without protein over expression, the alternative exon is 80% included, whereas only 34% is included when PTB is transfected and overexpressed. This assay illustrates the repressive role of PTB in the regulation of this alternative exon (Fig 6) .
We then transfected the cells with a PTB mutant (PTB 3Mut) with three mutations in helix 2 of RRM4 (E502K, V505E, and I509K) that we know are sufficient to prevent the interaction between RRM3 and RRM4 (11) . Here, 74% of the exon is included, indicating that PTB 3Mut is much less repressive than PTB WT (Fig. 6 ). To confirm that the loss of repression is not due to a lower expression of PTB 3Mut, we performed a Western blot for the same splicing assay (Fig. 6C) . PTB 3Mut shows an even higher expression (10%) than PTB WT, confirming that the loss of repression is not due to a lower expression level. As a control, overexpression of neuronal PTB (nPTB) under the same condition confirms earlier reports (27) that nPTB appears less repressive than PTB (56% inclusion), but still more repressive than PTB 3Mut. However, in the case of nPTB, loss of repression is due to a much lower expression level, as reported (28) . Because the interaction between RRM3 and RRM4 is essential for RNA looping, these in vivo data support the idea that splicing repression by PTB depends on the interface between RRM3 and RRM4 and consequently on the ability of PTB to mediate RNA looping.
Discussion
Despite the diverse and crucial roles PTB plays in many processes, its molecular mechanism of action remains elusive. We have used FRET, NMR spectroscopy, and in vivo splicing assays to study the ability of PTB to remodel RNA structure. The FRET data unambiguously show the ability of PTB34 to bring together (<40 Å) the RNA 5′ and 3′ ends, and to form RNA loops, as suggested (14) . However, the spacer between the two PPTs must be ≥15 nt. The FRET data also provide the affinity of these RNAs for PTB34, which is <50 nM when the linker is ≥15 adenosines. Compared to the affinity obtained for each domain separately (K D ≈ 1 μM) (29) , this indicates that the two pyrimidine tracts bind synergistically even with a 30 nt long linker. These results prompted us to look further into how PTB34 could favor RNA looping. Our NMR investigation of PTB34 bound to pyrimidine tracts linked by 15 adenines showed that the RNA is bound to PTB34 with a specific directionality, with the 5′ and the 3′ pyrimidine tracts bound to RRM3 and RRM4, respectively. These data support earlier footprinting experiments of the intron upstream of the alternative-exon 9 of GABA-g2 that showed the binding of RRM4 to the 3′ pyrimidine tracts and of the rest of the protein to the 5′ pyrimidine tract (30) . This RNA binding directionality might be due to the presence of several positively charged residues (R366, R418, R437, K439, K440, and K444) in a region of the protein that interact with the RNA linker nonsequence specifically. Finally, we showed that the interaction between RRM3 and RRM4 is essential for efficient RNA binding, looping and for splicing repression in vivo. However, the question remains whether the differences in splicing repression between the mutant and the WTarise from defective RNA looping or from its lower binding affinity. The mutant binds PPT-15 with 10-fold lower affinity than the WT, whereas the decrease for PPT-30 was only 3-to 4-fold. These K D values are average values of different species in solution and likely to be an upper estimate for the stoichiometric complex. Additionally, the single-molecule and trFRET measurements (Fig. 5 and Fig. S2 ) confirm that the structure of the mutant PTB34-RNA complex is different from the WT. Therefore, the observed FRET increases in Fig. 5 and Fig. S2 are not due to the formation of looped RNA, even if the apparent average FRET ratios are similar to the WT. This is further supported by the much higher cooperativity coefficients observed in the mutant titrations, which indicate the presence of higher-order complexes. The stoichiometric RNA-protein complexes, which should be formed at lower concentrations than the higher-order complexes, yield no apparent FRET increase, indicating the lack of RNA looping. Based on these results, we expect that the mutant will bind pyrimidine tracts with longer spacers, such as DS9-175 used in the splicing assay, with an affinity similar to the WT. Therefore, the defective RNA looping, and not its weaker binding affinity, is the most likely reason for the lower splicing repression of the mutant compared to the WT.
Altogether, our study confirms the unique ability of PTB34 to bring distant pyrimidine tracts into close proximity. These findings strongly support the model that PTB could repress alternative exons by looping out the exon or the associated branch point (31, 32) . It also explains the RNA-remodeling role proposed for PTB in IRES-mediated translation regulation, because PTB34 could bring distant pyrimidine tracts into close proximity and, therefore, influence the IRES structure (31).
Methods
RNA Purification and Labeling. RNA samples with 5′ fluorescein and 2′ OH protection groups were purchased from Keck Foundation Biotechnology Resource Laboratory at Yale University School of Medicine, deprotected, purified, and labeled, as described (18, 33) .
Protein Expression and Purification. PTB34 and mutant proteins were overexpressed in Escherichia Coli and purified, as described (11, 14) .
FRET Gel Shift Assays. 15% nondenaturing polyacrylamide (29∶1 acrylamide∶bisacrylamide ratio) gel electrophoresis was performed in 20 mM NaOAc and 10 mM Sodium Phosphate (pH 6.5) using low-fluorescence glass plates, as described (18) . 10 pmol doubly labeled RNA samples were annealed and allowed to equilibrate with 40 pmol PTB34 for 5 min before loading. After electrophoresis at 4°C, the gel was scanned in a Typhoon Imager by exciting the donor with a 532-nm laser. The fluorescence emissions of the donor (526 nm) and acceptor (580 nm) were analyzed with Fluorsep (Amershan Bioscience).
ssFRET. ssFRET measurements of doubly labeled PPTs were carried out in a spectrofluorometer. A 25-nM RNA sample was annealed in standard buffer, and fluorescence was measured in the absence and presence of PRB34. Fluorescein was excited at 490 nm (10-nm bandwidth), and fluorescein and rhodamine emissions were measured at 520 and 580 nm (5-nm bandwidth), respectively. Relative FRET efficiencies were calculated as I 580 ∕ðI 580 þ I 520 Þ, where I 520 and I 580 are the fluorescein and rhodamine intensities, respectively. The global dissociation constant (K D ) and cooperativity coefficients were obtained by plotting FRET as a function of [PTB34], and fitting to the modified Hill equation:
trFRET for Distance Measurements. The distance between the two fluorophores was measured using trFRET, as described (18) . A 250-nM solution of donor-only labeled RNA in standard buffer was annealed, and fluorescein was excited at 470 nm (30-nm band-pass dichroic filter with a Yb-doped fiber laser (5 ps pulses, 40 MHz). Donor isotropic emission was collected at 520 nm (20-nm band-pass dichroic filter) using a microchannel photomultiplier tube feeding a time-correlated single photon counting card under magic angle polarization (54.7°) to >40; 000 peak counts. Fluorescence decays were collected in 4816 channels with 12.2 ps∕channel time resolution. Nondairy coffee creamer solution was used to measure the instrument response function. The donor-only fluorescein emission decay was deconvoluted from the instrument response function and fit to a sum of three exponential decays characterized by their lifetime τ i with fractional contributions α i . Then, the time-resolved fluorescence decay of a 250-nM solution of the doubly labeled RNA (I DA ) in standard buffer was measured similarly. The donor-acceptor distance distributions (18, 19) were obtained by fitting where PðRÞ is the distance distribution, α i and τ i are the donor-only lifetime parameters, and R 0 is Forster distance (55 Å). The distance distribution was modeled as a three-dimensional Gaussian PðRÞ ¼ 4πR 2 N expð−ðR − μÞ 2 ∕σ 2 Þ, where N is normalization constant, and μ and σ describe the Gaussian's shape.
Single-Molecule FRET Experiments. PPT-15 ½5 0 -CUCUCUðAÞ 15 CUC UCU dTAA-3 0 was labeled with 5′ Cy3 and 3′ biotin and purified as discussed. Cy5 was attached to an amino linker on dT following the manufacturer′s protocol. The biotinylated single-stranded RNA was annealed in standard buffer, and surface-immobilized on a PEG-passivated quartz slide, as described (34, 35) . The donor and acceptor intensities ðI D ; I A Þ from single molecules were used to calculate apparent FRET efficiencies as I A ∕ðI A þ I D Þ in the presence and absence of 10 nM PTB34 or 6-fold mutant.
NMR Spectroscopy. Complex formation for NMR spectroscopic measurement was carried out as described (14) . Resonance assignments for the 15 N-13 C labeled PTB34 in complex with GGUCUCUðAÞ 15 CUCU were obtained with the TROSY-HNCA experiment at 313 K.
In Vivo Splicing Assay. DNA Constructs. PTB1, nPTB, and reporter plasmid DS9-175 were prepared as described (26) . The three mutations in PTB1 (PTB 3Mut) were made with two consecutive PCR reactions using the primers 2Mut-F, 2Mut-R, 1Mut-F, and 1Mut-R (Table S1 ). The PCR protocol included 20 cycles: 95°C for 30 s, 55°C for 1 min, and 72°C for 7.5 min. The PCR followed a digestion with Dpn1 for 1 h at 37°C.
Transfections. HeLa cells were cultured in Eagle's minimum essential medium supplemented with 10% FBS on six well plates and grown to an approximately 90% confluence. DNA-Lipofectamine 2000 complexes were assembled according to the manufacturer's protocol. The complexes were added to the cells and incubated for 5 h. After, medium was changed and cells were grown for 19 h.
RNA-Isolation and RT-PCR. Both were carried out following the instructions of the Cells-to-cDNA™ II Kit. After RT-PCR, 5 μL of the resulting cDNA was used in a 50-μL PCR-reaction with 10 μM of the: γ-32P-labeled Forward-Primer Dup1a and Reverse-Primer Dup8 (Table S1 ). The PCR protocol included 35 cycles: 94°C for 30 s, 50°C for 30 s, and 72°C for 30 s. Samples of the PCR reaction were then loaded on a 6% denaturing acrylamide gel. The gel was exposed to a PhosphorImager, and the bands were quantified using ImageQuant software.
Western Blot. Cells were lysed in radioimmunoprecipitation assay buffer containing a protease inhibitor cocktail. Protein-lysate (30 μg) was used for Western blot, and chemiluminescent detection of the Flag-Tag protein was carried out by using the Immun-Star Western C Kit.
